MicroRNAs (miRNAs) are short noncoding RNA that participate in posttranscriptional gene regulation. However, little is understood about the roles of miRNAs in Alzheimer's disease (AD). In this study, we used next-generation sequencing on RNA extracted from the serum samples of 20 AD patients and 20 controls, yielding a total of 72 miRNAs with significantly changed expression levels. Among these candidates, we selected 9 miRNAs with most significant alteration in disease, and validated their expression levels using RT-qPCR analysis on serum samples from 45 AD patients and 40 control subjects. Thus, the serum levels of miR-146a-5p, 106b-3p, 195-5p, 20b-5p, and 497-5p were significantly higher, while those of miR-125b-3p, 29c-3p, 93-5p and 19b-3p were significantly lower in AD patients, compared with control subjects. Two miRNAs, miR-29c-3p and miR-19b-3p, were selected because both RNA deep-sequencing and q-PCR methods indicated lower serum levels of these miRNAs in AD patients. Computational analysis predicted that 3′-untranslated region of signal transduction and activator of transcription 3 (STAT3) mRNA is targeted both by miR-29c-3p and miR-19b-3p. Using SH-SY5Y human neuroblastoma cells, we showed that transfection with miR-29c-3p or miR-19b-3p inhibitor significantly increased STAT3 phosphorylation. Furthermore, Water maze test, which assesses the learning and memory deficits in rodents, showed that escape latency was significantly shorter in AD rats with overexpression of miR-29c-3p or miR-19b-3p than in control AD rats. These results suggest that miR-29c-3p or miR-19b-3p may contribute to the cognitive function. In conclusion, the serum levels of miR-29c-3p and miR-19b-3p are helpful biomarkers for AD.
Introduction
Alzheimer's disease (AD) is a neurodegenerative disease that occurs in senile and presenile patients (Kumar et al. 2015) and is associated with typical histopathologic changes, including neuritic plaques, neurofibrillary tangles, neuronal loss, and gliosis (Braak and Braak 1991; Cairns et al. 2009 ). AD has become a serious social and public health problem because its high morbidity and disability rates severely affect human health (Ballard et al. 2011) . Research has demonstrated that the morbidity of AD is 4-6% in developed countries and ~1% in China (Fratiglioni et al. 1999) . The morbidity among patients aged > 65 years is 3-5%, which increases annually, and doubles every 5 years, reaching an incidence of > 20% in patients aged > 80 years. However, at present there are no treatments that can effectively reverse the cognitive deficits associated with the disease (Khachaturian 1985; Small et al. 1997 ). Collecting brain tissue or cerebrospinal fluid samples is difficult due to the invasive nature of these procedures and the high skill level that is required for their implementation. It is therefore challenging to apply these tools to the clinical diagnosis and study of AD, making it necessary to study the pathogenesis of AD from a new angle.
miRNAs are small non-coding RNAs of 18-30 nucleotides (nt) in length that regulate gene expression. miRNAs regulate various important biological processes and play important roles in the occurrence and development of diseases by affecting the stability or translation of mRNAs (Moss 2002) . Dysfunction of miRNA regulation relates to many diseases, including cancer, acute myocardial infarction and AD (Wang et al. 2010; Mathe et al. 2015; Jonckheere et al. 2015; Ceder 2016; Tang et al. 2016) . Lukiw et al. (2008) found that miRNA-146a-mediated modulation of complement factor H (CFH) gene expression may partially regulate an inflammatory response in the AD brain and in oxidatively stressed human brain cells. Many studies have also reported that the levels of miRNAs, including miR-27a, 9, 137, 181c, 146a, 155, 424, and 29c , are altered in the cerebrospinal fluid of AD patients (Geekiyanage and Chan 2011; Alexandrov et al. 2012; Sala Frigerio et al. 2013) . Recent studies have revealed that the serum levels of miRNAs are stable and that miRNAs can be used to diagnose conditions, such as acute myocardial infarction and multiple myeloma (Wang et al. 2010; Lu et al. 2016; Amodio et al. 2016) . In addition, an increasing number of studies have analyzed serum miRNAs in patients with nervous system-related disorders. For example, specific miRNAs in sera from patients with Parkinson's disease, multiple sclerosis, and other diseases can be used as disease markers (Cardo et al. 2013) . Serological detection is an ideal means of performing early screening because of its convenience, non-invasiveness, and suitability for screening large populations. However, the identity of miRNAs in the serum of AD patients remains unclear.
In this study, we compared the miRNAs in the serum of AD patients with those in the serum of healthy controls by RNA deep-sequencing bioinformatics analysis and quantitative real-time PCR (qPCR). The two groups showed significant differential levels of nine miRNAs. Further more, we showed that miR-29c-3p and miR-19b-3p share a mutual target gene, signal transduction and activator of transcription 3 (STAT3). In addition, overexpression of miR-29c-3p or miR-29c-3p could partly improve the cognitive function of AD rats. Thus, serum miR-29c-3p and miR-19b-3p are potential biomarkers for AD disease.
Materials and Methods

Study populations
A total of 65 outpatients with AD and 60 control subjects matched for age and sex (Table 1) were recruited from the Department of Gerontology and Neurology at the 117th Hospital of Peoples Liberation Army (PLA) from January 2014 to July 2015. AD was identified according to the National Institute of Neurologic, Communicative Disorders and Stroke-AD and Related Disorders Association (NINCDS-ADRDA) criteria (McKhann et al. 1984) . The control subjects had normal neurological function, as reflected by their clinical features, laboratory examination results, and mini-mental state examination scores. Serum samples from 20 AD patients and 20 control subjects (who were recruited from January 2014 to June 2014) were separated for screening of differentially expressed genes using Illumina deep sequencing of small RNAs. The remaining serum samples from the other 45 AD patients and 40 control subjects (who were recruited form July 2014 to July 2015) were used for further validation of the differentially expressed miRNAs using qPCR. All subjects provided written informed consent to participate in the study after the nature of the procedure was fully explained to them. The study protocol was approved by the Ethics Committee of the 117th Hospital of PLA.
Patients aged 60 to 85 who were suffering from Alzheimer's disease or no dementia were included in this study. The following patients were excluded from the study: patients receiving heparin therapy at the time of the blood draws (since heparin can interfere with RNA isolation); patients who had been diagnosed with any nonAlzheimer's type of dementia; and patients suffering from other diseases, such as AMI, cancer, Parkinson's disease, and multiple sclerosis, as these diseases can cause differences in miRNA expression (Lugli et al. 2015 ).
Small RNA library construction and Illumina small RNA deep sequencing
Total RNA was isolated from serum using the mirVana miRNA Isolation Kit (Ambion, TX, USA). The quality of the isolated RNAs was evaluated with a Bioanalyzer 2100 system (Agilent Technologies, USA). The small RNAs were ligated to linkers, and barcoded cDNAs were prepared using a TruSeq Small RNA Sample Prep Kit (Illumina, USA). A Bioanalyzer 2100 system was then used to screen individual libraries for the presence of linked cDNAs, and each barcoded library was pooled into one sample. The pooled libraries were sequenced in one lane of the Illumina HiSeq2500 Sequencer. MiRBase v19 and 50-bp single-end reads of the libraries were obtained. Reads with a minimum length of 15 nt and fewer than three terminal mismatches in the sequence were sorted and counted. Sequencing reads were extracted from the image files generated by the Illumina/Solexa 1G Genome Analyzer. 
Quantitative real-time PCR (qPCR)
qPCR was performed using an Mx3000p™SYBR® Green realtime quantitative PCR system. Total RNA was isolated from human serum using a miRcute miRNA Isolation Kit (Qiagen, Germany) according to the manufacturer's instructions. miRNAs were reversetranscribed into cDNA using a miRcute miRNA First-Strand cDNA Synthesis Kit (Qiagen). Then, qPCR was performed using a miRcute miRNA qPCR Detection Kit (Qiagen). Relative miRNA expression levels were calculated using the comparative ΔΔCt method, and the values are expressed as 2 -ΔΔCt .
Predicting specific miRNA target genes
Target genes were predicted using bioinformatics software (miRanda, DIANA-microT, PicTar, miRBase, RNAhybrid, and TargetScan). The genes predicted by at least 3 different software programs were listed as possible target genes, and the relevant target proteins were identified using the appropriate databases. Then, the highconfidence target (HCTarget) algorithm was used to integrate expression and sequence information to validate the forecasted target genes.
Cell culture
The SH-SY5Y human neuroblastoma cell line was purchased from the Shanghai Institute of Cell Biology, China. The cells (< 25 passages) were cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 (Invitrogen, Carlsbad, CA, USA) containing 10% FBS (Invitrogen) at 37˚C with 5% CO 2 .
Cell transfection
The cells were transfected with an inhibitory oligonucleotide targeting miR-29c or miR-19b (miRNA inhibitor, 100 nM) or with nonspecific control (NC) miRNAs (GenePharma, Shanghai, China) using Lipofectamine™ 2000 reagent (Invitrogen) according to the manufacturer's instructions. Five samples were tested in per group.
Western blot analysis
Cells were lysed in lysis buffer (Promega, Madison, WI) and the protein concentration was determined using the BCA protein assay (BioRad, CA, USA). For each sample, 40 µg of protein was separated using 10% SDS-PAGE and transferred onto PVDF membranes (Millipore, Bedford, MA, USA). After blocking with 5% nonfat milk in TBS-Tween-20 (TBST), the membranes were blotted with STAT3, pSTAT3 (Proteintech, Chicago, IL, USA), or GAPDH (glyceraldehyde phosphate dehydrogenase, the internal reference; Beyotime Biotechnology, China) primary antibodies at a 1:1,000 dilution. The membranes were then incubated with the appropriate horseradish peroxidase (HRP)-conjugated anti-rabbit, anti-goat, or antimouse secondary antibodies (Santa Cruz, CA, USA) at a 1:2000 dilution for 1 h. After washing the membranes in TBST, we detected the immunoreactive bands using enhanced chemiluminescence (ECL; Amersham, Chicago, IL, USA).
Animals
Sprague-Dawley rats (aged 8-12 weeks) with a body weight of 200-300 g were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. They were maintained under controlled laboratory temperature (25 ± 2°C) and humidity (60%) conditions, with a controlled light cycle (14 h light/10 h dark). Distilled water and sterilized food pellets were available ad libitum. The care and use of the animals were approved by the Ethics Committee of the 117th Hospital of PLA.
Rat model of dementia
Aβ 1-40 (amyloid-β 1-40 ) was diluted to a concentration of 2 μg/μL in sterile physiological saline and incubated at 37°C for 1 week. The rats were anesthetized with an intraperitoneal injection of 10% chloral hydrate and fixed on a stereotaxic apparatus after their hair had been shaved. Next, the skin of each rat was disinfected, and the skull was exposed using a longitudinal incision in the middle of the back of the head. Bregma was used as the target location, and the skin was cut with a 2.6-mm side incision, a 3.0-mm backward incision, and a 3.0-mm downward incision. Two holes, which were the hippocampus injection points, were punched in the skull using an engine bit, the dura was pierced with a needle, and each side of the hippocampus was injected with 5 μL of Aβ 1-40 (10 μg) using a microsyringe. The solution was injected slowly over 10 min, and the microsyringes were held in place for an additional 10 min to ensure that the solution dispersed fully. The control group received an injection of the same amount of normal saline. Then, the holes in the skull were filled with dental acrylic, and the skin was sutured and disinfected. Gentamicin (3-5 drops, 2.50 × 10 4 μL/kg) was used to protect the incision from infection before the regional incision was sutured. Each rat was held in a single cage until it was fully awake.
Water maze experiment
Lentiviruses, a subset of retroviruses, can be expressed stably in cells, and lentiviral plasmid for overexpression of miR-19b-3p or miR-29c-3p was generated and injected into the caudal veins of the rats. The titre of the recombinant lentivirus (lentiviral vector, lentiviral plasmid) was 1 × 10 9 infectious units per millilitre. The water maze experiment was performed 7 days after the injection of 300 μL of lentiviral plasmid carrying miRNA. Fifteen rats were included in each group. Directed navigation was conducted during the first 4 days after injection, and space exploration began on the fifth day. The water maze consisted of a circular pool that was 100 cm in diameter and 60 cm in height, with a movable platform that was 10 cm in diameter. The pool was filled with tap water at a temperature of 25 ± 0.5°C, and the water level was 0.5-1 cm above the platform. The pool was divided into 4 quadrants before the experiment. Then, the platform was placed in the first quadrant. A digital video camera was hung above the pool and connected to a computer. The set tracking time was 2 minutes. The computer stopped tracking after 2 minutes or when the rat reached the platform. The time taken to find the platform after entering the water was considered the escape latency. During the 4 days of the place navigation test, training was conducted once per day in different quadrants. After the start of training, the rat was placed in the water facing the pool wall. If the rat failed to find the platform within 2 minutes, it was guided onto the platform and allowed to rest for 30 seconds. If the rat found the platform on its own within 2 minutes, it was allowed to rest on the platform for 30 seconds. The interval between the training sessions in each quadrant was 60 seconds. The computer tracked the entire training process, and the videos were saved to calculate the escape latency.
Statistical analysis
Data for the analysis of differences in miRNA expression between the 2 groups are presented as the mean ± standard error (SE). Nonparametric MannWhitney U tests were used to compare miRNA expression between the groups. Spearman's rank correlation test was performed to evaluate the correlations between miR-29c miR-19b and STAT3 mRNA levels. All statistical analyses were conducted using SPSS 17.0 (SPSS, WA, USA). P < 0.05 was considered significant.
Results
Differentially expressed miRNAs between AD patients and control subjects
Illumina small RNA deep sequencing was used to determine the relative abundance of various miRNA families by calculating their sequence frequencies. The results of these calculations indicated that 72 dysregulated miRNAs showed at least a 2fold difference in their expression levels between the patients and control subjects (Fig. 1A) . Ten miRNAs with > 400 reads in Illumina deep-sequencing analysis were dysregulated in AD compared with control subjects (Fig. 1B) . The expression levels of these differentially expressed miRNAs were subsequently validated using qPCR. The serum levels of miR-146a-5p, 106b-3p, 195-5p, 20b-5p, and 497-5p were higher, while those of miR125b-3p, 29c-3p, 93-5p and 19b-3p were lower in AD patients than in control subjects. ( Fig. 2 ; P < 0.05). -146a-5p, miR-106b-3p, miR-195-5p, miR-20b-5p , and miR-497-5p and downregulation of miR-125b-3p, miR29c-3p, miR-93-5p, and miR-19b-3p compared with controls (P < 0.05). (B) After normalization of the reads and statistical analyses, 4 miRNAs were found to be significantly upregulated by at least two-fold, whereas 6 miRNAs were downregulated by at least 50% compared with the controls.
Predicting specific miRNA target genes
The serum levels of 9 miRNAs were different between the two groups. The number of serum miRNA target genes closely related to AD was determined using bioinformatics software (Table 2) . In further studies, we focused on miR29c-3p and miR-19b-3p which showed lower serum levels in AD patients, judged by RNA deep-sequencing and q-PCR method. We searched for miR-19b-3p and miR29c-3p target genes by using online software (http://www. targetscan.org and http://starbase.sysu.edu.cn). These analyses revealed that STAT3 is a direct target of miR-19b-3p and miR-29c-3p (Table 3) . Then, the HCTarget algorithm was used to validate predicted target genes, and a regulatory network of miRNAs and target genes was identified. This network contained miRNAs (miR-19b-3p and miR29c-3p), 4 AD virulence genes, and STAT3.
STAT3 activation is regulated by inhibitors of miR-19b-3p or miR-29c-3p
We next examined whether STAT3 activation is regulated by miR-19b-3p or miR-29c-3p in vitro. Downregulation of miR-29c-3p or miR-19b-3p promoted STAT3 phosphorylation (P < 0.05; Fig. 3A, B) . This suggests that miR-19b-3p and miR-29c-3p may be endogenous regulators of STAT3 activation.
The functions of miR-19b-3p and miR-29c-3p in AD rats
Lentiviral plasmid expressing miR-19b-3p or miR29c-3p was injected into the vein of AD rats. The rats were then studied with water maze experiments. Compared with the rats in the control group, the rats in the AD model group and the AD+vector group (injected with no-load plasmid) showed longer escape latencies (P < 0.05), confirming that the AD model was generated successfully. Compared with the rats in the AD+vector group, the rats in the AD+miR-29c-3p group (transfected with miR-29c-3p) and those in Since miRNAs suppress mRNA translation or promote mRNA degradation by binding to specific sequences in the 3´UTRs of mRNAs, we identified miR19b3p and miR29c3p target genes using online software (http://www.targetscan.org and http://star base.sysu.edu.cn). The vertical lines represent the complementary base pairs that can link together Table 3 . Predicting specific miRNA target gene binding sites.
Target genes were predicted using bioinformatics software (MiRanda, DIANA-microT, PicTar, miRBase, RNAhybrid, and TargetScan). The genes predicted by at least 3 different software programs were listed as possible target genes. the showed significantly shorter escape latencies (P < 0.05; Fig.  4) . Therefore, miR-29c-3p or miR-29c-3p overexpression improved cognitive function in a rat model of AD.
Discussion
Serum collection is simple and effective, unlike cerebrospinal fluid collection. In addition, the emergence of next-generation sequencing technology has made the detection of serum miRNAs more convenient and accurate (Wang et al. 2010; Lu et al. 2016; Amodio et al. 2016) . However, there is currently a lack of studies on serum miRNAs in AD. In this study, we found the serum levels of miR-146a-5p, 106b-3p, 195-5p, 20b-5p , and 497-5p were higher, while the levels of miR-125b-3p, 29c-3p, 93-5p and 19b-3p were lower in AD patients than in healthy controls. The nine serum miRNAs profiled here may serve as candidate non-invasive biomarkers for AD and may be helpful for AD diagnosis and treatment in the future.
Among the 9 miRNAs identified, the downregulation of miR-125b noted herein was consistent with a previous study (Tan et al. 2014) . Dong et al. (2015) found that the expression of miR-93-5p in AD patients was 0.48 times that in control subjects, a finding consistent with those of the current study. Some studies have also reported the lower levels of miR-137, 181c, 9, 29a, and 29b in the serum of patients with mild cognitive impairment (Geekiyanage et al. 2012) . Although the expression levels of some of these miRNAs changed in the current study, the copy numbers were below 400; therefore, those miRNAs cannot be used as biomarkers.
miRNAs regulate the expression of their target genes. miRNAs suppress mRNA translation or promote mRNA degradation by binding to specific sequences in the 3´UTRs of mRNAs. We used online software to confirm that STAT3 may be a direct target of miR-19b-3p and miR29c-3p. The HCTarget algorithm was used to validate predicted target genes. Furthermore, a regulatory network of miRNAs and target genes was identified. This network contains miRNAs (miR-19b-3p and miR-29c-3p) , 4 AD virulence genes, and STAT3. Gliogenesis occurs at a relatively late stage of development in the mammalian central nervous system. During this stage, glial differentiation from neural stem cells (NSCs) is tightly regulated by various factors, including STAT3 activation (Wang et al. 2011 ). In the adult brain, STAT3 activation can be observed under certain conditions, such as facial nerve axotomy, brain ischemia, dopamine neuron damage in the striatum, and spinal cord injury. Several studies suggest that STAT3 activation can promote glial differentiation of neural progenitor cells Each group comprised 15 rats. The water maze experiment began 7 days after miRNA injection. Compared with the control group, the rats in the AD model group and the AD+vector group showed significantly longer escape latencies (P < 0.05). Compared with the rats in the AD+vector group, the rats in the AD+miR-29c-3p group and the AD+miR-19b-3p group showed significantly shorter escape latencies (P < 0.05) and inhibit neuronal differentiation of neural progenitor cells (Schwaiger et al. 2000; Choi et al. 2003; Sriram et al. 2004; Okada et al. 2006) . STAT3 activation can result in excessive gliosis (Kwak et al. 2010; Tsuda et al. 2011) , which is often observed in patients with AD. Therefore, we hypothesize that miR-19b-3p and miR-29c-3p may participate in the occurrence and development of AD by regulating STAT3 expression. Next, the current study assessed potential miR-29c-3p and miR-19b-3p target genes in SH-SY5Y cells and studied the function of these two miRNAs in AD rats. Downregulation of miR-29c-3p or miR-19b-3p promoted STAT3 phosphorylation in SHSY5Y cells. Our findings were consistent with the results of previous studies showing that STAT3 was negatively regulated by miR-29c-3p in brain tissues (Lei et al. 2015) . Other studies demonstrated that miR19b3p levels were significantly decreased in the cerebrospinal fluid of AD patients (Gui et al. 2015) . However, few reports have described target genes of miR19b-3p. Li et al. (2014) used software prediction models revealed that tissue factor (TF) was a potential target of miR-19b-3p. Luciferase reporter constructs were then used to confirm that TF has miR19b3p binding sites. MiR 19b-3p expression could inhibit TF expression, which suggests that TF may be a target gene of miR-19b-3p. In another study, Qin et al. (2013) found that miR-19b-3p may be associated with the Wnt signalling pathway in cardiac development but without showing the direct target genes. In the current study, STAT3 activation was negatively regulated by miR-19b-3p and miR-29c-3p in SH-SY5Y cells, suggesting that STAT3 may be a direct target gene of these miRNAs. In addition, animal experiments showed that cognitive function of AD rats was improved when miR19b-3p or miR-29c-3p was upregulated. Taken together, these findings demonstrated that miR-19b-3p and miR29c-3p may participate in AD occurrence and development by regulating STAT3 activation.
In this study, we showed that miR-29c-3p and miR19b-3p have a potential common target gene, STAT3. In addition, we found that overexpression of miR-29c-3p or miR-29c-3p could partially improve cognitive function in AD rats and that miR-29c-3p and miR-19b-3p in serum may be two candidate non-invasive biomarkers for AD. We did not include other differentially expressed miRNAs in our present study, but we will conduct further experiments in the future. In addition, we used only biochemical method to examine whether STAT3 is regulated by miR19b-3p or miR-29c-3p, and a luciferase-based functional binding assay need to be performed to further evaluate the direct effects of miR19b3p and miR29c3p on STAT3.
In summary, the present study has demonstrated that miR-29c-3p and miR-19b-3p may participate in AD occurrence and development by regulating STAT3 activation. We propose that miR-29c-3p and miR-19b-3p are potential biomarkers for AD.
